In this work we present the delivery of high energy Er:YAG laser pulses operating at 2.94 μm through a hollow-core negative curvature fibre (HC-NCF) and a hollow-core photonic crystal fibre (HC-PCF) and their use for the ablation of biological tissue. In HC-NCF fibres, which have been developed recently, the laser radiation is confined in a hollow core and by an anti-resonant or reflection principle (also known as ARROW). Both fibres are made of fused silica which has high mechanical and chemical durability, is bio-inert and results in a fibre with the flexibility that lends itself to easy handling and minimally invasive procedures. The HC-NCF structure consists of only one ring of capillaries around a realtively large core, followed by a protecting outer layer, hence the preform is relatively easy to build compared to traditional HC-PCF. The measured attenuation at 2.94 µm is 0.06 dB/m for the HC-NCF and 1.2 dB/m for the HC-PCF. Both fibres have a single mode output beam profile which can be advantageous for surgical applications as the beam profile is maintained during fibre movement. We demonstrate delivery of high energy pulses through both fibres, well above the thresholds needed for the ablation of biological tissue in non-contact and contact mode. Delivered energy densities reached > 750 J/cm -2 after 10 m of HC-NCF and > 3400 J/cm 2 through a 44 cm HC-PCF.
INTRODUCTION
The Er:YAG laser radiation at 2.94 µm is used in medical and surgical applications due to the high absorption of optical power in water at this wavelength (see Figure 1) . A result of this high absorption is a small penetration depth and therefore the unique capability of high ablation rates and precise tissue ablation with a minimal heat affected zone. Two of the common methods for surgical laser delivery currently used are articulated arms [1] and optical fibres. However articulated arms restrict the movement of the surgeon and cannot be implemented in endoscopic or minimal invasive procedures. Therefore a robust and flexible fibre delivery system would alleviate these problems and radically increase the usefulness of surgical lasers. [4] or Sapp rgy densities arge mode are the output be ons but this ca the above fib anisms [7] . T tially be muc ng efficiency i . However, m mode behaviou ower density a eon needs a c eneral undesira different desig ternative for d ow Core-Nega gure 2a [13] . ARROW). Th ith the core w er, frequencies The two inte erience a low Perot resonator gn is the Hollo relatively ben structure surro within which ned inside the bre [15] , [17] .
to extend the two different rgy handling c The attenuation of the PCF is shown in Figure 4b , and as can be seen the average losses are ~1.2 dB in the regime from 2.85 µm to 3.18 µm. Again attenuation was measured using a cut-back technique. The core size is 24 µm with a pitch (distance between two surrounding holes) of 7 µm. The NA of the fibre was measured as 0.12.
In both cases no particular care was taken during fabrication to minimise the OH level.
BEND SENSITIVITY
Both fibres were investigated with respect to their bend sensitivity. A 1.23 m long piece of the NCF was bent through 180° with different bend diameters. The additional losses arising are shown in Figure 5 as a function of wavelength. These measurements were carried out using a tuneable laser system (M Squared Ltd. Firefly-IR). There are no significant additional losses if the fibre is bent to a diameter of >30 cm. For a bend diameter of 20 cm or less the bend loss significantly increases, in particular at shorter wavelengths. However, for wavelengths shorter than 3.15 µm the loss for a 20 cm bend is higher than for a 10 cm bend. It is assumed that this unexpected behaviour is due to mode coupling from core to cladding modes. However a further investigation is necessary to prove this assumption, which could be done by analysing the output beam profile for shorter wavelengths.
The bend sensitivity of the PCF was only measured at 2.94 µm and no change in output power could be detected down to a bending diameter of 5 mm. The PCF fibre is extremely flexible and the fibre will not physically break until it is bent to a diameter <3 mm.
OUTPUT BEAM PROFILE
As discussed above a spatial beam profile that does not vary when the fibre is moved is strongly preferred for surgical procedures, particularly if the fibre is not to be used in contact mode. Therefore the output beam profiles of the NCF and PCF were measured.
The PCF was measured by reimaging the fibre end onto a ceramic surface and capturing the reflection using a mid-IR camera (Electrophysics Cop., PV320 -L2E). The greyscale image and a cross section are shown in Figure 6 . As can be seen the output beam profile is single mode like. The fibre was bent with a diameter of ~50 cm during this test, and the beam profile does not change if the fibre is moved. Also, the output power stays constant when the fibre is bent and moved. The length of the fibre in this instance was approximately 1 m.
The NCF output beam profile was measured by transversally moving the PCF at the end of the NCF. This way the average power of a ~ 450 µm 2 area (core size of the PCF is 24 µm) could be measured. The PCF was moved in 5 µm steps along the central line of the NCF. The output power of the PCF was measured using an Ophir detector (PE50-DIF-ER-SH-V2 ROHS). The cross section of the NCF output beam profile is shown in Figure 7 . 
